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Edited by Richard CogdellAbstract Phytochromes are photoreceptors that occur in
plants, fungi and bacteria, among others in the phytopathogen
Agrobacterium tumefaciens. We constructed single and double
knockout mutants of the two A. tumefaciens phytochromes
Agp1 and Agp2. In liquid culture, the double mutant revealed
a reduced growth rate, whereas the growth rates of the single mu-
tants did not diﬀer signiﬁcantly from that of the wild type. Using
these mutants, we analyzed the spectral properties of native A.
tumefaciens phytochromes. A wild-type A. tumefaciens cell con-
tains about 10 molecules of Agp1 and about 19 molecules of
Agp2. Dark conversion of native Agp1 and Agp2 proceeds from
Pfr to Pr and from Pr to Pfr, respectively, as has already been
reported for the recombinant proteins. The spectral properties
of recombinant and native Agp2 were signiﬁcantly diﬀerent.
Mixing experiments with extracts from the double mutant and
recombinant Agp2 imply that the spectral properties of Agp2
are modulated by components of the extract.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Phytochromes are photochromic biliprotein photoreceptors
that are deﬁned by a red/far-red (R/FR) reversible photoconver-
sion between the R absorbing Pr form and the FR absorbing Pfr
form. In plants they regulatemany developmental processes like
seed germination, de-etiolation or ﬂowering [1]. In cyanobacte-
ria, proteins with weak phytochrome homology contribute to a
number of light-dependent responses such as chromatic adapta-
tion [2], adaptation to blue light [3], control of circadian clock [4]
or phototaxis [5]. Functions of prototypical bacterial phyto-
chromes are known from Deinococcus radiodurans [6], Brady-
rhizobium ORS278, the related species Rhodopseudomonas
palustris, [7,8] and the cyanobacterium Synechocystis PCC
6803 [9,10]. Bacterial phytochromes have been used for bio-
chemical studies on chromophore–protein interaction, photo-
conversion and recently also for crystal structure analyses [11].Abbreviations: R, red; FR, far-red; Pr, R-absorbing form of phyto-
chrome; Pfr, FR-absorbing form of phytochrome; Agp1, Agp2, A.
tumefaciens phytochrome 1 and 2; agp1, agp2, agp1/agp2, A.
tumefaciens phytochrome single and double knockout mutants
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doi:10.1016/j.febslet.2005.12.035The soil bacterium Agrobacterium tumefaciens has two phy-
tochromes [12], designated Agp1 and Agp2 [13] or AgBphP1
and AgBphP2 [14]. Recombinant A. tumefaciens phytochrome
1 and 2 (Agp1 and Agp2) incorporate biliverdin (BV) as a
chromophore. The domain arrangement of both phyto-
chromes is comparable with other bacterial orthologs. Close
to the N-terminus, both phytochromes have a PAS-like do-
main, which carries the chromophore binding cysteine residue
[13,15]. This domain is followed by a GAF- and a PHY-do-
main. These three domains, also termed photosensory module,
bear all amino acids required for chromophore integration and
spectral activity [16]. In the C-terminus, both Agp1 and Agp2
have a histidine-kinase module, which in Agp2 is followed by a
response-regulator domain. Interestingly, recombinant Agp1
and Agp2 behave antagonistically with respect to their dark
stability: Agp1 converts slowly from the FR-absorbing form
of phytochrome (Pfr) to the R-absorbing form of phytochrome
(Pr) in darkness [13], a feature which is comparable with many
plant phytochromes, whereas Agp2 converts slowly from Pfr
to Pr [14]. Such a behaviour has also been observed for two
other BV-binding bacterial phytochromes [7,17].
Recombinant Agp1 and Agp2 were used as model phyto-
chromes in a number of biochemical studies [13–16,18,19,32]
and crystallisation of Agp1 has also recently been established
[20]. However, the biological role of Agp1 and Agp2 has as
yet not been addressed. For functional studies, we constructed
knockout mutants of the two phytochrome encoding genes,
agp1 and agp2. These mutants were used for initial physiolog-
ical characterisations and for spectral characterisations of
native proteins.2. Materials and methods
2.1. Bacterial strains, growth conditions, plasmids and PCR primers
The A. tumefaciens strain C58, which harbours the Ti nopaline plas-
mid, was obtained from the DSMZ stock centre (Braunschweig, Ger-
many). Wild type strain and knockout mutants were grown either in
Luria-Bertani medium (LB) or AB minimal medium [21] supplemented
with 0.2% sucrose at 28 C under vigorous agitation. Depending on the
resistance, 250 lg/ml spectinomycin (Spc) and 100 lg/ml gentamycin
(Gen) was added. For growth tests, cells were incubated in minimal
medium without antibiotics under vigorous agitation either in darkness
or under white ﬂuorescent light of 150 lmol m2 s1.
2.2. Recombinant proteins
Expression of recombinant Agp1 and assembly with biliverdin was
performed as described previously [13]. For recombinant Agp2, a
pET21b (Novagen) derived expression vector as described in [19] was
used. The vectorwasmodiﬁed to encode for aC-terminal his-taggedpro-
tein; expression, puriﬁcation and assembly were performed as for Agp1.blished by Elsevier B.V. All rights reserved.
Fig. 1. Growth rates of A. tumefaciens wild type and mutant strains in
darkness and light. Bacteria were grown in AB minimal medium to
stationary phase and diluted to an OD600 of 0.05. Cell density was
measured after 6 h at 28 C as OD600 and is presented in % of the wild
type dark values.
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knockout mutants
GenomicA. tumefaciensDNAwas extractedusingNucleoSpinTissue
Kit (Macherey-Nagel, Du¨ren, Germany). For construction of phyto-
chrome mutants, agp1 and agp2 genes were PCR ampliﬁed, using Ta-
KaRa Ex Taq polymerase (TaKaRa, Gennevilliers, France) and the
following primers: agp1_50 (CTCGAGCGTGTTGACAGAAACGA);
agp1_3 0 (TCTAGACCTCGATGAACGATGCC); agp2_5 0 (ACT-
CCATCGCTACAAATCCACC); agp2_3 0 (ATCTTGTCGTCGTTG-
CACTCTTC). The PCR parameters were: 30 cycles [94 C, 30 s; 66 C
and 61 C, 60 s; 72 C, 195 s] for agp1 and agp2, respectively. The agp1
and agp2 PCR products were cloned into the EcoRV site of pBluescript
II (KS) (Stratagene) to obtain pBSagp1 and pBSagp2, respectively. For
the single knockouts, an omega spectinomycin resistance (X) cassette
was inserted into thepBS-derivedplasmidsusing theMscI andHpaI sites
of agp1 and agp2, respectively. TheMscI andHpaI digests were T-tailed
and ligated with the X cassette which has been PCR ampliﬁed using
pUC4S (Finnemeyer, University Rostock, Germany) as a template, pri-
mer X5 0 (TTCCGATCTCCTGAAGCCAGG), X3 0 (ATTTGTGTA-
GGGCTTATTATGC) and the following PCR program: 30 cycles
[94 C, 30 s; 61 C, 60 s; 72 C, 100 s]. The agp1X construct was then
cloned into the XbaI and XhoI sites of pJQ200KS [22] to obtain
pJQagp1X. The pJQagp1X and pBSagp2X plasmids were used for trans-
formation of A. tumefaciens cells by electroporation to gain the strains
agp1 (C58 DSMZ 5172 agp1::X (SpcR)) and agp2 (C58 DSMZ 5172
agp2::X (SpcR)). Positive clones were selected on LB agar supplemented
with spectinomycin. For the construction of the double-knockout, a gen-
tamycin resistance (Gen) cassette was cloned into the HpaI site of the
agp2 gene of pBSagp2. The Gen cassette was PCR ampliﬁed using
pJQ200SK as template, primer: Gen5 0 (TTCCGATCTCCTGAAGC-
CAGG), Gen3 0 (AATTGTTAGGTGGCGGTACTTGG) and the fol-
lowing PCR proﬁle: [94 C, 30 s; 61 C, 60 s; 72 C, 100 s]. The
resulting plasmid pBSagp2Gen was then used for transformation of
the agp1 strain to obtain the strain agp1/agp2 (C58 DSMZ 5172
Dagp1Dagp2::X::Gen (SpcRGenR)). Positive clones were selected on
LB agar supplemented with spectinomycin and gentamycin. Single and
double-knockout clones were selected by PCR analysis and disruption
of both agp1 and agp2 was conﬁrmed by Southern blot analysis using
the digoxygenin labelling system (Roche).
2.4. Photoconversion and UV–vis spectroscopy of crude extracts
For UV–vis spectroscopy, A. tumefaciens wild type and mutants
were grown in 500 ml LB medium to an OD600 of 1.2. The cell density
was calculated by using a Fuchs-Rosenthal counting chamber. The
bacteria were collected by centrifugation at 10000 · g for 10 min
(4 C) and suspended in 2.5 ml extraction buﬀer (50 mM tris-(hydroxy-
methyl)-aminomethane, 5 mM EDTA, 300 mM NaCl, pH 7.8). For
extraction, the cells were passed two times through a French pressure
cell at 1.4 · 108 Pa. Thereafter, cell debris and membranes were pel-
leted at 50000 · g for 60 min (4 C). UV/vis spectra of the supernatant
were recorded with a Uvikon 930 (Kontron, Biotek, Milan) photome-
ter at 18 C after alternating R and FR irradiations. Actinic R light
was provided by a light-emitting diode (emission maximum of
654 nm, halfbandwidth of 40 nm, and intensity of 32 lmol m2 s1),
for actinic FR light, a 780 nm laser diode (RLD78PZW2, Lasercompo-
nents, Munich, Germany) was used at a power of 75 mW. From each
sample, 10 spectra, termed S1–S10, were recorded. The irradiation/
measuring sequence (Fig. 2A), was as follows: the extract was irradi-
ated in the cuvette for 2 min with R and for 2 min with FR. Thereafter,
spectrum S1 was recorded. Following 2 min R irradiation, S2 was re-
corded. The FR/R irradiation and measuring cycle was repeated two
times to gain spectra S3–S6. The six spectra S1–S6 were used for the
calculation of mean ‘‘FR–R diﬀerence spectrum’’ (=(S1  S2 +
S3S4 + S5  S6)/3). For recording dark-reversion after R, the extract
was irradiated with R light and kept in darkness for 30 min. Thereaf-
ter, S7 was measured. After another 2 min R irradiation, S8 was re-
corded. Both S7 and S8 were used for calculating the ‘‘R–dark–R
diﬀerence spectrum’’ (S7  S8). The spectra S9 and S10, used for cal-
culating ‘‘FR–dark–FR diﬀerence spectrum’’ (=S10  S9), were ob-
tained in the same way as S7 and S8, except that R was replaced by
FR. In most cases, the baseline was wavelength dependent, due to
changes of the sample turbidity. Those measurements in which the
drift was too strong (DA650  DA800 > 0.002) were discarded. To ob-
tain the peak-to-peak absorbance diﬀerence (DDA), the A700nm and
A752 nm values were taken from the diﬀerence spectra after correctingfor the noise. For these quantiﬁcations, a baseline correction was per-
formed: two data points were selected from the diﬀerence spectrum,
one in the region 600–650 nm (Admin, kdmin) and the other in the region
800–850 nm (Admax, kdmax). The peak-to-peak value DDA was calcu-
lated as follows:
DDA ¼ ðA700 nm  A752 nmÞ  ðAd min  Ad maxÞ  ð52nm=kd max  kd minÞ
To calculate the number of molecules per cell, extinction coeﬃcients (e)
were obtained from absorbance- and diﬀerence spectra of recombinant
BV-Agp1 and BV-Agp2. For Agp1, the e702nm of Pr is 90 mM
1 cm1
[13]. From FR–R diﬀerence spectra that were recorded as above, the
‘‘peak-to-peak’’ e of Agp1 was estimated to 88 mM1 cm1. For the
Pfr form of recombinant Agp2, we estimated e750 nm = 65 mM
1cm1
by the limited assembly approach [13,23] and the ‘‘peak-to-peak’’ e from
the FR–Rdiﬀerence spectrum to 27 mM1 cm1. Direct comparisons of
recombinant Agp2 in buﬀer and in extracts of the agp1agp2 (e.g.,
Fig. 2F) showed that the value of the latter is approximately 1.6 times lar-
ger than that of the former (mean value of the factor 1.6; SE 0.2; n = 4).
Therefore, we used e = 1.6*27 mM1 cm1 = 43 mM1 cm1 for calcu-
lating the molecule number.3. Results
3.1. Insertional mutagenesis
In order to generate agp1 and agp2 knockout mutants, plas-
mids pJQagp1X and pBSagp2Xwere constructed for insertional
mutagenesis. In these vectors, the agp1 and agp2 open reading
frames are interrupted by an X cassette. Following transforma-
tion and selection on spectinomycin, lines in which the endoge-
nous phytochrome genes are replaced by the interrupted gene
were selected by PCR. For the double-knockout, the plasmid
pBagp2Gen was used, in which a gentamycin resistance cassette
(Gen) was inserted into the agp2 sequence. The agp1 strain was
transformed with pBagp2Gen. Double-knockout clones were
selected by PCR; for all strains the gene disruption was con-
ﬁrmed by Southern blotting (data not shown).
3.2. Growth and virulence
Inorder to gain an insight into thebiological roles ofAgp1and
Agp2, we compared the growth rate of wild type and mutants
under light and darkness. Under our test conditions, each strain
had indistinguishable growth rates in darkness and light and the
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able from the wild type. However, the growth rate of the double
mutant was reduced compared to the other lines (Fig. 1).Fig. 2. Spectral analysis of native and recombinant A. tumefaciens phytochro
of absorbance spectra; R, FR: actinic red and far-red irradiations, respectivel
diﬀerence spectra of native wild-type and mutant extracts, calculated from S1
mutant extracts (D) FR–dark–FR diﬀerence spectra (S10–S9) of native wild
respectively, were either diluted into buﬀer or into an extract of the agp1/agp
diﬀerence spectra (as indicated) of puriﬁed, concentrated BV-Agp1 BV-Agp2Furthermore, we tested carrot slices and leaves of intact
Kalanchoe plants for A. tumefaciens induced tumour produc-
tion. All A. tumefaciens strains of the present study inducedmes. (A) Cartoon to explain the measuring protocol. S1–S10: recording
y. Details of the measuring procedure are given in Section 2. (B) FR–R
to S6 (C) R–dark–R diﬀerence spectra (S7–S8) of native wild-type and
-type and mutant extracts. (E, F) recombinant BV-Agp1 or BV-Agp2,
2 mutant and the FR–R diﬀerence spectra measured as in (B). (G,H)
, respectively.
Fig. 3. Peak-to-peak values of diﬀerence spectra as presented in
Fig. 2B–D, calculated on a per cell basis, for the wild type and the
agp1, agp2 and agp1/agp2 mutant strains. Values from (A) FR–R
diﬀerence spectra (B) R–dark–R diﬀerence spectra (C) FR–dark–FR
diﬀerence spectra. Mean values ±SE; n = 3.
440 I. Oberpichler et al. / FEBS Letters 580 (2006) 437–442tumour irrespective of whether the plant was kept in darkness
or in light. We found no signiﬁcant diﬀerences of tumour
growth between plants infected with the diﬀerent mutants
(data not shown).
3.3. Spectral properties of phytochromes in wild type and
knockout strains
The phytochrome content of extracts of many organisms has
been estimated by measuring light-induced absorption changes
or Pr minus Pfr diﬀerence spectra [24,25]. For routine measure-
ments of ‘‘FR–R diﬀerence spectra’’, the soluble fractions of
extracts were irradiated with FR light (780 nm) to achieve high
Pr levels and with R light (650 nm) to achieve high Pfr levels.
The measuring protocol is described in Section 2 and outlined
in Fig. 2A. The FR–R diﬀerence spectra of the extracts are cal-
culated from spectra S1 to S6 and are shown in Fig. 2B and E–
H. Peak-to-peak values of A. tumefaciens extracts, calculated
on a per cell basis after correcting for wavelength dependent
drifts, are given in Fig. 3A.
The FR–R diﬀerence spectra of wild-type extracts had a
mean peak-to-peak value of (2 ± 0.2 · 103) DDA, whereas
the corresponding value of both agp1 and agp2 single
knockouts was lower, (1 ± 0.1 · 103) DDA in both cases (see
also Fig. 2B and Fig. 3A). The loss of one phytochrome is
obviously not compensated by up-regulation of the other. Dif-
ference spectra of the double mutant gave no indication for
residual spectral phytochrome activity. The rather low mean
peak-to-peak value of (0.1 ± 0.1 · 103) DDA could reﬂect an
unspeciﬁc bleaching eﬀect induced by actinic irradiation or
could be due to uncorrected baseline drifting. The FR–R dif-
ference spectra of agp1 and agp2 mutants are related to na-
tive Agp2 and Agp1, respectively. Within the limit of errors,
the shape of the diﬀerence spectrum of native Agp1 is identical
to that of recombinant BV-Agp1 (compare Fig. 2B, C and G).
However, the shapes of both Agp2 diﬀerence spectra are qual-
itatively diﬀerent (compare Fig. 2B, D and H). The diﬀerence
spectrum of pure, recombinant Agp2 has a rather low positive
component, because in the 700 nm region, Pr absorbs only
slightly stronger than Pfr. In contrast to recombinant BV-
Agp2, native Agp2 has a more typically-shaped diﬀerence spec-
trum. The question whether this diﬀerence is related to other
components of the A. tumefaciens extract was addressed by
mixing experiments. To this end, we diluted BV-Agp2 either
with extraction buﬀer or with a crude extract of the double mu-
tant so that the ﬁnal concentration resembles that of native
Agp2 in the agp1 extract. The shape of the diﬀerence
spectrum of BV-Agp2 in buﬀer (Fig. 2F) was qualitatively
comparable with the one of the higher concentrated recombi-
nant BV-Agp2 (Fig. 2H), whereas the diﬀerence spectrum of
BV-Agp2 in the extract of the double mutant (Fig. 2F) was
comparable with that of native Agp2. Moreover, the peak-
to-peak value of BV-Agp2 in the extract was about 1.6 times
higher as the one of BV-Agp2 diluted in buﬀer. These results
imply that spectral properties of Agp2 are modiﬁed by compo-
nents of the A. tumefaciens extract, probably Agp2-interacting
protein(s). When the same mixing experiment was performed
with recombinant BV-Agp1, both diﬀerence spectra were very
similar (Fig. 2E). The Agp1 experiment indicates that the mod-
iﬁcation of spectral properties do not result from optical arte-
facts of the A. tumefaciens extract (e.g., scattering).
With the peak-to-peak values it is possible to calculate the
number of soluble phytochrome molecules. From the agp1mutant, we estimated the number of Agp2 molecules to 19
(±2) per cell. The number of Agp1 molecules in the agp2 mu-
tant was estimated to 10 (±2) per cell. Thus, a wild type A. tum-
efaciens cell contains about 29 soluble phytochrome molecules.
3.4. Dark reversion of phytochromes in wild type and knockout
strains
Dark reversion was measured either after saturating R (from
spectra S7 and S8) or FR irradiations (from spectra S9 and
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R–dark–R- and FR–dark–FR diﬀerence spectra provide infor-
mation about the dark behaviour of native Agp1 and Agp2. In
darkness, recombinant Agp1 converts from Pfr to Pr [13],
whereas Agp2 converts from Pr to Pfr [14]. Our measurements
with A. tumefaciens extracts conﬁrmed this general behaviour
for native Agp1 and Agp2 (Fig. 2C and D). A closer examina-
tion revealed however diﬀerences between recombinant and
native phytochromes. In the case of native Agp1, the peak-
to-peak value of the R–dark–R diﬀerence spectrum was more
or less identical with the peak-to-peak value of the FR–R dif-
ference spectrum (Fig. 2C, B and Fig. 3A, B), indicating that
during the 30 min of dark incubation, Pfr to Pr reversion
was essentially complete. When recombinant BV-Agp1 was
measured under the same conditions, dark reversion was only
around 50% (Fig. 2G). When FR–dark–FR diﬀerence spectra
were measured with recombinant Agp1, no signal was ob-
tained (Fig. 2H). In the case of native Agp1, the mean signal
was slightly negative. These negative values might result
from an unspeciﬁc bleaching eﬀect or could be due to baseline
ﬂuctuations.
The results on dark conversion of Agp2 are more complex.
Peak-to-peak values of FR–dark–FR diﬀerence spectra of re-
combinant Agp2 are larger than the corresponding values of
the FR–R diﬀerence spectra (Fig. 2H). Furthermore, the R–
dark–R diﬀerence spectrum appears like a mirror image of
the FR–R and FR–dark–FR diﬀerence spectra. This result
shows that after R irradiation, dark conversion proceeds from
(residual) Pr to Pfr. Both ﬁndings originate in the particular
spectral properties of recombinant Agp2 mentioned above:
since in the R spectral region, the absorbance of Pfr and Pr
is similar, the Pr level after a saturating R irradiation is rather
high. Native Agp2 shows a diﬀerent dark behaviour: the peak-
to-peak value of the FR–dark–FR diﬀerence spectra is in the
same range as the corresponding value of the FR–R diﬀerence
spectrum and the R–dark–R diﬀerence spectrum is close to
zero. The latter diﬀerences between recombinant and native
Agp2 are probably related to the spectral diﬀerence mentioned
above.4. Discussion
In this work we present the construction of A. tumefaciens
phytochrome single and double knockout mutants and their
ﬁrst physiological characterisations. Furthermore, we used
these mutants for measurements of the spectral properties of
native Agp1 and Agp2 in crude extracts.
Due to their characteristic photoreversibility, phytochromes
could be detected directly in etiolated plant tissue or extracts
thereof [24], which in turn allowed puriﬁcation and biochemi-
cal characterization of this photoreceptor. Phytochrome
spectral activity can however not be measured in chloro-
phyll-containing samples, unless chlorophyll is separated from
phytochrome [26]. The non-photosynthetic A. tumefaciens
contains no chlorophyll. Our measurements have shown that
concentrated extracts can directly be used for UV/vis measure-
ments using a standard photometer apparatus. We were thus
able to obtain the ﬁrst phytochrome diﬀerence spectra of a
non-modiﬁed prokaryote. We could also analyse both native
phytochromes separate from each other by measuring extractsof knockout mutants. We were thus able to show that absor-
bance maxima and minima of native holoproteins resemble
those of recombinant BV-Agp1 and BV-Agp2, conﬁrming
the previous assumption [13] that BV is the native chromo-
phore of A. tumefaciens phytochromes. The concentration of
soluble Agp1 and Agp2 in the agp2 and agp1 mutants has
been estimated to 19 and 10 molecules per cell, respectively.
These values are comparable with those for cyanobacterial
phytochrome Cph1, for which 25 molecules per cell has been
estimated [25]. It should be mentioned that a part of extracted
phytochrome might either be bound to membranes or to other
insoluble material, as has been reported for plants and fungi
[27–29]. We have also performed measurements of detergent-
solubilised wild-type membranes and found about 10% of
the soluble phytochrome in this fraction (C. Schellenberger
and T. Lamparter, data not shown). Due to baseline drifting
the precision of the measurements on detergent solubilised
membranes was limited. Therefore, such analyses were not
performed with the mutants. The data show however that only
a – probably insigniﬁcantly small – fraction of extracted
phytochrome is membrane bound. Whether or not extracted
phytochrome is attached to non-solubilisable material could
not be addressed by our methods.
Although spectral properties of native and recombinant A.
tumefaciens phytochromes are similar, we found remarkable
diﬀerences especially between native and recombinant Agp2.
Mixing experiments have shown that the spectral properties
of Agp2 are inﬂuenced by compounds of the A. tumefaciens ex-
tract (Fig. 2F). To our knowledge this is the most drastic inﬂu-
ence on spectral phytochrome properties reported so far.
Based on low temperature ﬂuorescence measurements on plant
phytochromes, heterogeneity of spectral properties has been
found depending on plant age, tissue and intracellular localisa-
tion [30]. The dark stability of Arabidopsis phytochrome B is
inﬂuenced by a response regulator ARR4, which interacts with
the N-terminal part of the phytochrome protein [31]. We pro-
pose that in native A. tumefaciens extracts the spectral proper-
ties and dark stability of both phytochromes is modulated by
interacting proteins.
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